The content and distribution of 5-methylcytosine in DNA from fish lymphocystis disease virus was analyzed by high-pressure liquid chromatography, nearest-neighbor analysis, and with restriction endonucleases. We found that 22% of all C residues were methylated, including methylation of the following dinucleotide sequences: CpG to 75%, CpC to ca. 1%, and CpA to 2 to 5%. Comparison of relative digestion of viral DNA with MspI and HpaII indicated that CCGG sequences were almost completely methylated at the inner C. The degree of methylation of GCGC was much lower. The methylation pattern of fish lymphocystis disease virus DNA differed from that of the host cell DNA.
The methylation of cytosine to 5-methyl cytosine (5mC) in DNA has been suggested to be involved in the regulation of eucaryotic genes (15) and, under certain conditions, of viral genes as well (4, 5, 9, 10, 12, 14, 19, 21) . Several cases of methylation of intracellular forms of viral DNA have been reported (4, 9, 14, 20, 21) . Methylated DNA in virions is rather uncommon. Only few SmC residues were found in the DNA of adenovirions (11) and, recently, of an Epstein-Barr virus (16) . In contrast, the virions of frog virus 3 (FV3) contain heavily methylated DNA (23) .
FV3 is an icosahedral cytoplasmic deoxyvirus (8) that belongs to the family of iridoviruses (13) . Biochemical studies on the replication of iridoviruses have mainly been limited to FV3. It is assumed that all iridoviruses follow the same uncommon strategy of a two-stage replication. In stage 1, DNA is replicated in the host nucleus. It is then transported to the cytoplasm, where stage 2 DNA synthesis occurs, resulting in a concatameric replication complex. The processing of the concatamers to produce mature viral DNA and virus assembly occurs in the cytoplasm (7, 8) . Should the intensive DNA methylation be involved in this strategy, other viruses of this group would be expected to be methylated as well.
Another member of the iridovirus family is fish lymphocystis disease virus (FLDV), which causes papilloma-like skin lesions in fish. Darai et al. (3) recently detected intensive methylation of FLDV DNA by using restriction endonucleases. To analyze this phenomenon further, we examined the overall methylation and the distribution of methyl groups in DNA from FLDV particles.
The isolation of FLDV from skin lesions of flounders and the extraction of viral DNA were performed as described earlier (3) . The overall base composition, including rare bases of FLDV DNA, was estimated by ion-exchange highpressure liquid chromatography as described by Baur et al. (1) . The molar (G+C) content was 31.26 + 3.15%. No 6-methyl-adenosine was detected (limit, 0.1%). 5mC represented 3.39 + 0.71% of all bases or 21.9% of C residues. The latter value strikingly corresponded to the 22% 5mC in FV3 DNA estimated by Willis and Granoff (23) , despite the much higher (G+C) content (55%) of FV3 DNA. * Corresponding author.
The distribution of 5mC in the cytosine-containing dinucleotides was estimated by nearest-neighbor analysis as outlined in footnote a to Table 1 . In FLDV DNA, cytosine was methylated in CpG to 75%, in CpC to ca. 1%, and in CpA to 2 to 5%. The large difference for the 5mC content of CpC and CpA between the two runs of FLDV DNA (Table 1 ) is due to more or less smearing from more prominent neighboring spots on the thin-layer chromatograms (not shown). But in each of these cases, a separate radioactive spot of 5mC was visible on the autoradiogram. No such radioactive spot was seen in the case of CpT. The corresponding values for the DNA of uninfected host cells, the skin cells from flopnder, were lower: 49% 5mC in CpG, 0.54% in CpC, and 0.84% in CpA. As in FLDV DNA, no significant methylation was found in CpT of host DNA. The low but significant content of 5mC in the dinucleotides CpA and CpC is remarkable. We found this also in the DNA from rat liver and from Novikoff hepatoma (unpublished data). Calculation of the (G+C) content from nearest-neighbor analysis of FLDV DNA yielded 28%, which corresponded not only to our lower values estimated from high-pressure liquid chromatography but also to the value of 30.7 + 1.7% as calculated by Darai et al. (3) from melting point analysis data. The (G+C) content of DNA from flounder skin calculated on the basis of nearest-neighbor analysis was ca. 39%.
The methylation of more complex sequences can be studied by using restriction endonucleases. The restriction nuclease HpaII cleaves CCGG only if the inner C is not methylated. MspI cleaves the same sequence irrespective of whether the inner C is methylated. The MspI cleavage pattern of FLDV DNA indicated a considerable number of CCGG sequences. Their resistance to HpaII treatment suggested that they are completely or almost completely methylated (Fig. 1) . We confirmed this result by a method described by Cedar et al. (2) . FLDV DNA was cut with MspI. The 5' ends generated were labeled enzymatically with 32p, and the DNA was digested to nucleoside 5'-monophosphates. The distribution of 32P between the nucleotides was determined by autoradiography after thin-layer chromatography. As a control, FLDV Mannheim Biochemicals) for 4 h at 37°C. Then the phenol chloroform treatment and ethanol precipitation were repeated. Nearest-neighbor analysis was performed by combining methods described previously (17, 18) . Briefly, nick translation was performed by the standard protocol of Bethesda Research Laboratories, using a-32P-labeled deoxynucleotide triphosphates (New England Nuclear Corp. Dreieich; specific activity, 600 Ci/mmol). The reaction mixture was extracted with phenol, equilibrated with 25 mM Tris-hydrochloride (pH 8.5) and 2 mM CaCI, by Sephadex G-25 filtration, and incubated for 3 h at 37°C with 200 p.g of micrococcal nuclease per ml (Boehringer Mannheim).
Subsequently, the pH was lowered to 6.5 by the addition of 0.01 M hydrochloric acid, and the sample was supplemented with 5 mM EGTA (ethyleneglycol-bis(,B-aminoethyl ether)-N,N-tetraacetic acid) and incubated for another 4 h with 10 U of phosphodiesterase II per ml (Sigma Chemical Co., Munich, Germany). The 3'-deoxyribonucleotides generated were separated by two-dimensional thin-layer chromatography. Radioactive spots were localized by autoradiography, scraped off, and counted by liquid scintillation. bNo significant amount of 5mC was detected in CpT. ' Two runs of the same DNA preparation.
thylated at the inner C. In contrast to the results obtained from experiments with HpaII, HhaI cleaved FLDV DNA into many fragments (Fig. la) . The cleavage by HhaI, however, was less extensive than that by MspI. Statistically, the amount of GCGC sequences in a given DNA should be the same as the amount of CCGG, which is confirmed by the intensity ot MspI cleavage. Thus, only a fraction of the GCGC sequences seem to be methylated. However, if the number of HhaI sites in FLDV DNA is much lower than that of HpaII sites, it cannot be excluded that the HhaI sites were almost or totally unmethylated.
A difference between the methylation statuses of HpaII and HhaI sites in FLDV DNA would be remarkable, especially with respect to host DNA. Figure lb shows DNA from flounder skin cells treated with the same enzymes as FLDV DNA. In this case, both enzymes cleaved the DNA to about the same extent. A comparison with the MspI cleavage pattern indicated that only parts of both sequences were methylated. Based on the consideration that the host DNA contains both sequences in equal amounts, the methylated fractions of both sequences seemed to be of the same size.
The observed distribution of methyl groups between both sequences in FLDV DNA could be present in the infecting DNA molecule and then be reproduced during replication by a maintenance methylase of the cell, or it could be produced by a methylase with special substrate specificity. The latter could be a virus-encoded methylase or a modified cellular methylase. Recently, Willis et al. (22) reported some evidence for a viral methylase in FV3-infected cells.
So far, no function of the FLDV DNA methylation is known. Its involvement in the regulation of DNA transcription seems rather unlikely, considering the investigations with FV3, which is also totally methylated at HhaI sites (23) . However, it has been demonstrated that the heavily methylated FV3 DNA is transcribed after infecting cells without prior DNA replication (8) , which could generate hypo-or unmethylated DNA molecules. In addition, convincing evidence for DNA-demethylating enzymes in eucaryotic cells is missing. Furthermore, the high degree of CG methylation of viral DNA (75%) makes it unlikely that methylated sequences are only localized in transcriptionally unimportant regions. Therefore, it seems conceivable that the transcription apparatus involving viral or modified cellular enzymes is able to transcribe methylated DNA (6).
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